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(54) Piezoelectric transducer and electrophoretic ink display apparatus using piezoelectric 
transducer 



(57) A first electrode layer 12, a first piezoelectric 
film layer 13, a second electrode layer 14, a second pie- 
zoelectric film layer 15, and a third electrode layer 16 
are layered in that order on a substrate 11; these are 
constrained so as not to expand or contract in a thick- 
ness direction and a piezoelectric transducer is con- 
structed thereby A plurality of gate lines 201 and 202, a 
plurality of data lines 203 and 204 intersecting with the 
gate lines, and thin film transistors 205 and 207, dis- 
posed at the intersections of the abovementioned gate 
lines and data lines, are established; one source-drain 
of the abovementioned thin film transistors is connected 
to the abovementioned data lines; another source-drain 
of the abovementioned thin film transistors is connected 
to the input sides of the abovementioned thin film piezo- 
electric transducers 208 through 210; the output sides 
of the abovementioned thin film piezoelectric transduc- 
ers are connected to the electrodes of electrophoretic 
ink display elements; and an electrophoretic ink display 
apparatus is constructed thereby 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001 ] The present invention relates to a piezoelec- 
tric transducer using a piezoelectric element, and more 
particularly to an electrophoretic ink display apparatus 
using a piezoelectric transducer. 

2. Description of the Related Art 

[0002] The technology noted in Japanese Patent 
Laid-open Publication No. (Hei)8-1 25247 and Japanese 
Patent Laid-open Publication No. (Hei) 9-162456 
relates to conventional piezoelectric transducers. The 
embodiments therein are different, but both include 
technology using bulk piezoelectric ceramics. 
[0003] Meanwhile, the paper in SID 98 Digest pp. 
1131 to 1134 makes note of conventional electro- 
phoretic ink display apparatuses. The constitution of a 
segment type display body using electrophoretic ink is 
disclosed in this paper. 

[0004] In this electrophoretic ink display apparatus, 
each segment of the display apparatus is constituted of 
a plurality of microcapsules using electrophoresis. This 
is so that the color of a segment changes when voltage 
is applied to that segment. 

[0005] However, the abovementioned background 
art has the following problems. 
[0006] In the piezoelectric transducers noted in 
Japanese Patent Laid-open Publication No.(Hei)8- 
125247 and Japanese Patent Laid-open Publication 
No.(Hei)9- 162456, bulk piezoelectric ceramics are used 
although the embodiments are different, as discussed 
above. It is difficult to miniaturize a piezoelectric trans- 
ducer wherein bulk piezoelectric ceramics are used. For 
example, the piezoelectric transducer in Japanese Pat- 
ent Laid-open Publication No. 9-162456 is 40 mm x 10 
mm x 1.5 mm. 

[0007] Also, while the constitution of a display body 
using piezoelectric ink is disclosed in SID 98 Digest pp. 
1 131 to 1 134, methods for disposing a large number of 
these display elements at a high density and methods 
for driving electrophoretic ink display elements disposed 
at a high density are not proposed. 

SUMMARY OF THE INVENTION 

[0008] The present invention was made in view of 
the abovementioned problems with the background art 
and it is an object of the present invention to realize pie- 
zoelectric transducers that can be easily miniaturized. 
[0009] It is another object of the present invention to 
realize an electrophoretic ink display apparatus com- 
prising electrophoretic ink display elements, a plurality 
of which are disposed at a high density. 



[0010] The piezoelectric transducer relating to the 
present invention comprises a first electrode layer, a 
first piezoelectric film layer, a second electrode layer, a 
second piezoelectric film layer, and a third electrode 
5 layer, layered in that order on a substrate. The above- 
mentioned first and second piezoelectric film layers are 
constrained so as not to expand or contract in a thick- 
ness direction. 

[001 1 ] With the abovementioned constitution, 

10 three-dimensional and planar miniaturization are possi- 
ble because the piezoelectric transducer can be consti- 
tuted by forming two piezoelectric film layers. Moreover, 
it becomes possible to realize a piezoelectric transducer 
that can withdraw a high load. Also, because the piezo- 

75 electric film layers are constrained so as not to expand 
or contract in a thickness direction, it becomes possible 
to realize a piezoelectric transducer with which direct 
voltage amplification is possible. 
[001 2] In the piezoelectric transducer relating to the 

20 present invention, a first electrode layer, a piezoelectric 
film layer, a second electrode layer, and third electrode 
layer are formed on a supporting base wherein a cavity 
is formed. The abovementioned second electrode layer 
and third electrode layer are formed in a pair, with an 

25 interval therebetween, on the piezoelectric film layer 
positioned above the abovementioned cavity. 
[0013] With the abovementioned constitution, it is 
possible to form a miniaturized piezoelectric transducer. 
[0014] The electrophoretic ink display apparatus 

30 relating to the present invention comprises a multiplicity 
of capsules. Comprising a plurality of electrophoretic ink 
display elements wherein the color changes with the 
movement of charged particles within the capsules, an 
electrophoretic ink display apparatus further comprises 

35 a plurality of gate lines, a plurality data lines intersecting 
with the gate lines, and thin film transistors disposed at 
the intersections of the abovementioned gate lines and 
data lines. One source-drain of the abovementioned 
thin film transistors is connected to the abovementioned 

40 data line; another source-drain of the abovementioned 
thin film transistors is connected to the input side of the 
piezoelectric transducer; and the output side of the 
abovementioned piezoelectric transducer is connected 
to the electrode of the electrophoretic ink display ele- 

45 ment. 

[0015] The piezoelectric transducer relating to the 
present invention can be used as the abovementioned 
piezoelectric transducer. In that case, a columnar struc- 
ture is established on the upper portion of the above- 

so mentioned piezoelectric transducer and the 
abovementioned columnar structure is pressed with the 
facing substrate on which the upper electrode of the 
abovementioned electrophoretic ink display element is 
established. The abovementioned first and second pie- 

55 zoelectric film layers can thereby be constrained so as 
not to expand or contract in a thickness direction. 
[0016] With the abovementioned constitution, a 
multiplicity of disposed electrophoretic ink display ele- 
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merits can be driven with piezoelectric transducers 
while being addressed with thin film transistors. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] 

Figure 1 is a cross sectional view of a layered thin 
film piezoelectric transducer relating to an embodi- 
ment of the present invention; 
Figure 2 is a perspective view of a thin film piezoe- 
lectric transducer constituted of Rosen piezoelec- 
tric transducers using piezoelectric thin films, 
relating to an embodiment of the present invention; 
Figure 3 shows the constitution of an electro- 
phoretic ink display element; 3A is a cross sectional 
view of an electrophoretic ink display element; 3B 
shows the constitution of a microcapsule in an elec- 
trophoretic ink display element; and 3C shows the 
constitution of a charged particle in a microcapsule; 
Figure 4 shows the constitution of an electro- 
phoretic ink display apparatus using thin film, lay- 
ered piezoelectric transducer, relating to an 
embodiment of the present invention; 
Figure 5 is a timing chart of the electric signals con- 
trolling the TFT and the opening and closing of an 
analog switch in the electrophoretic ink display 
apparatus in an embodiment of the present inven- 
tion; 

Figure 6 is a plane diagram of one pixel in an elec- 
trophoretic ink display apparatus relating to an 
embodiment of the present invention; 
Figure 7 is a cross sectional view of an electro- 
phoretic ink display apparatus relating to an 
embodiment of the present invention; 
Figure 8 is a plane diagram of one pixel in an elec- 
trophoretic ink display apparatus using Rosen thin 
film piezoelectric transducers, relating to an 
embodiment of the present invention; and 
Figure 9 is a cross sectional view of an electro- 
phoretic ink display apparatus using Rosen thin film 
piezoelectric transducers, relating to an embodi- 
ment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[001 8] Embodiments of the piezoelectric transducer 
relating to the present invention are explained below 
with reference to the figures. 

First embodiment of piezoelectric transducer 

[0019] Figure 1 is a cross sectional view of a lay- 
ered thin film piezoelectric transducer relating to an 
embodiment of the present invention. A first electrode 
layer 12, a first piezoelectric fOm layer 13. a second 
electrode layer 14, a second piezoelectric film layer 15, 



and a third electrode layer 16 are formed in that order on 
a substrate 1 1. Pressure P is applied from above to the 
third electrode layer 16 and the first and second piezoe- 
lectric film layers 1 3 and 1 5 are constrained so as not to 

5 expand or contract in a thickness direction. 

[0020] A single crystal silicon substrate, including a 
silicon dioxide film formed by thermal oxidation, was 
used as the substrate 1 1. The first electrode layer ther- 
eon is an electrode layer comprising three layers of tita- 

10 nium, platinum, and titanium in that order formed by 
sputtering to thicknesses of 20 nm, 200 nm, and 5 nm 
respectively. The first piezoelectric film layer 13 is a thin 
film of lead zirconate titanate (hereinafter, to be referred 
to as TZT"), with a constitution of 52 mole% lead zirco- 

15 nate-48 mole% lead titanate, formed by the sol gel 
method to a thickness of 200 nm. Furthermore, the sec- 
ond electrode layer 14 is an electrode layer comprising 
three layers of titanium, platinum, and titanium in that 
order formed by sputtering to thicknesses of 20 nm, 200 

20 nm, and 5 nm respectively. The second piezoelectric 
film layer 15 is a PZT thin film with the abovementioned 
constitution formed by the sol gel method to a thickness 
of 2 \i m. Furthermore, the third electrode layer i 6 is an 
electrode layer comprising two layers of titanium and 

25 platinum in that order formed by sputtering to thick- 
nesses of 20 nm and 200 nm respectively. 
[0021] The pressure raising action for the layered 
thin film piezoelectric transducer is as follows. The sec- 
ond electrode layer 14 becomes the ground potential. 

30 When an electric field E n is applied in the film thickness 
direction of the first piezoelectric film layer 1 3, the stress 
Tj in the film thickness direction in the first piezoelectric 
film layer 13 becomes as follows, where the piezoelec- 
tric strain constant is dy and the elastic compliance 

35 under an applied electric field 0 is Sjj E . 

^--(daa/BgaVE, (1) 

This layered thin film piezoelectric transducer is con- 
40 strained from above and an electrode of sufficiently hard 
metal is used; the stress T 2 in the film thickness direc- 
tion applied to the second piezoelectric film layer there- 
fore becomes as follows. 

45 T^T, (2) 

At this time, the electric field E 2 occurring in the film 
thickness direction of the second piezoelectric film layer 
15 becomes as follows, where the permittivity at stress 

50 0 iS Ejj T . 

E 2 =-(d33/€33 T )-T 2 (3) 

Equations (1) and (2) are substituted into equation (3) 
55 as follows. 

E 2 = (d 33 2 /(e 33 T • s 33 E )) • E 1= k33 2 . E , (4) 
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Here, is the electromechanical coupling factor of the 
piezoelectric film layer. The following results where the 
voltage applied in the film thickness direction of the first 
piezoelectric film layer 13, meaning between the first 
electrode layer 12 and the second electrode layer 14, is 5 
V t and the thickness of the first piezoelectric film layer 
13ist v 

E^V^t (5) 

10 

The following results where the voltage output in a thick- 
ness direction of the second piezoelectric film layer 15, 
meaning between the second electrode layer 14 and 
third electrode layer 16, is V 2 and the thickness of the 
second piezoelectric film layer 15 is t 2 . *s 

E 2 =V 2 /t 2 (6) 

Equations (4), (5), and (6) yield the following. 

20 

In other words, when a voltage \f<\ is applied to the first 
piezoelectric film layer, the voltage V 2 output by the sec- 
ond piezoelectric film layer is proportional to the square 25 
of the electromechanical coupling constant k 33 and the 
ratio of the thicknesses of the two piezoelectric film lay- 
ers. Specifically, the direct voltage amplification factor 
can be determined with the ratio of the thickness of the 
first piezoelectric film layer and the thickness of the sec- 30 
ond piezoelectric film layer. 

[0022] The layered thin film piezoelectric transducer 
in the constitution of the present embodiment com- 
prises a piezoelectric transducer formed of two piezoe- 
lectric film layers; as a result, a piezoelectric transducer 35 
for which three-dimensional and planar miniaturization 
are possible is realized. A high load can be withdrawn 
because of the use of the capacitance of the piezoelec- 
tric thin film on the output side as well. Also, direct volt- 
age amplification is possible because the piezoelectric 40 
film layers are constrained so as not to expand or con- 
tract in a thickness direction, and because of the use of 
pressure to the piezoelectric thin film from the static pie- 
zoelectric effect. Actually, the inventors were able to 
attain pulses with an amplitude of 45 V as V 2 in the case 45 
where pulses with an amplitude of 10 V were applied as 
V v k33 of the PZT film, used as the piezoelectric thin 
film in the present embodiment, was estimated from the 
inversion of equation (7) to be about 0.67. 
[0023] Also, the layered thin film piezoelectric trans- so 
ducer in the abovementioned constitution has sufficient 
adhesive force between the substrate and electrode 
layer and between the electrode layer and piezoelectric 
film layers, because the electrode layers are formed 
with a multilayered structure of platinum and titanium, ss 
Also, the two piezoelectric film layers are formed of PZT. 
A layered thin film piezoelectric transducer having a 
large voltage amplification factor is realized because 



PZT has a relatively high electromechanical coupling 
factor. This material used in the piezoelectric film layers 
may also be a PZT piezoelectric material, such as PZT 
including lead magnesium niobate (PMN), having an 
even larger electromechanical coupling factor. The lay- 
ered thin film piezoelectric transducer may also be con- 
stituted using material generating a large pressure in 
the first piezoelectric film layer 13, and material generat- 
ing a large voltage relative to the applied pressure in the 
second piezoelectric film layer 15. 

Second embodiment of piezoelectric transducer 

[0024] Figure 2 is a perspective view of a thin film 
piezoelectric transducer constituted of Rosen piezoe- 
lectric transducers using piezoelectric thin films, relating 
to an embodiment of the present invention. A diaphragm 
23, first electrode layer 24, piezoelectric film layer 25, 
second electrode layer 26, and third electrode layer 27 
are formed on a supporting base 22 wherein a cavity 21 
is formed. The second electrode layer 26 and third elec- 
trode layer 27 are formed in a pair, with an interval ther- 
ebetween, on the piezoelectric film layer positioned 
above the cavity 21 . Also, the third electrode layer 27 is 
formed to span the end surface and top layer surface of 
the piezoelectric film layer 25. 
[0025] A single crystal silicon substrate with a sili- 
con dioxide film formed by thermal oxidation was used 
as the base 22. A zirconia film was formed thereon as 
the diaphragm 23, to a thickness of 500 nm, by growing 
a film of metallic zirconium by sputtering and then ther- 
mal oxidation. An electrode layer comprising three lay- 
ers of titanium, platinum, and titanium in that order was 
formed thereon as the first electrode layer 24, by sput- 
tering and then patterning [the materials] to thicknesses 
of 20 nm, 200 nm, and 5 nm respectively. Then a PZT 
film, comprising 52 mole% lead zirconate-48 mole% 
lead titanate, was formed as the piezoelectric film layer 
25, by the sol gel method and then patterning. Further- 
more, electrode layers comprising two layers of titanium 
and platinum in that order were formed as the second 
electrode layer 26 and third electrode layer 27, by sput- 
tering and then patterning to thicknesses of 20 nm and 
200 nm respectively. A Rosen thin film piezoelectric 
transducer was then formed by forming a cavity 21 by 
anisotropic etching of a single crystal silicon substrate 
22 with a dry etching method. 
[0026] The operation of this Rosen thin film pie- 
zoelectric transducer is as discussed in Piezoe- 
lectric Actuators and Ultrasonic Motors (Kluwer 
Academic Publishers), 1997, pp. 309-310, by Kenji 
Uchino; the voltage amplification factor r is 
expressed with the following equation. r=(4/ 
*) • k 3 i • k 33 • Q m • (L*A) • [2 • (s 33 E /Si 1 E ) 1/2 {1 +(s 33 D /S 1 1 
E ) 1/2 H Alternating voltage is applied between the first 
electrode layer 24 and the second electrode layer 26 
and amplified voltage is output from between the first 
electrode layer 24 and third electrode layer 27. 
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[0027] Here, ky is the electromechanical coupling 
factor of the piezoelectric film layer 25; Q m is the 
mechanical Q of the piezoelectric film layer 25; L 2 is the 
interval between the pair of second electrode layers 26 
and 27; t is the thickness of the piezoelectric film layer 5 
25; Sjj E is the elastic compliance at an electrical field 0; 
and Sy D is the elastic compliance at an electric flux den- 
sity 0. For example, in the case of 52 mole% lead zirco- 
nate-48 mole% lead titanate PZT 1^=0.313, 
k 33 =0.670, Q m =860, s 33 E =17.1x10* 12 m 2 /N, 10 
Sn E =13.8x10- 12 m 2 /N, and S33 D =9.35x10' 12 rr^/N. 
When L 2 =1 uin and t=200 nm t a very high voltage 
amplification factor r=450 can be attained. 
[0028] Because of the use of piezoelectric thin 
films, three-dimensional and planar miniaturization are is 
possible for the thin film piezoelectric transducer in the 
constitution of the present embodiment. For example, in 
the case of the abovementioned embodiment, the inter- 
val between the second electrode layers 26 and 27 is 1 
^m. Also, a piezoelectric transducer can be constituted 20 
in a smaller planar region due to one of the second elec- 
trode layers 27 spanning the end surface of the piezoe- 
lectric film layer 25. Because a single crystal silicon 
substrate is used for the supporting base 22, a cavity 21 
can be easily formed by anisotropic etching. Also, 25 
because the diaphragm 23 is formed with a zirconia thin 
film, a diaphragm with toughness and which is not easily 
broken under residual stress can be formed. Because 
the first electrode layer 24, second electrode layer 26, 
and third electrode layer 27 are formed with a multilay- 30 
ered structure of platinum and titanium, there is suffi- 
cient adhesive force between the diaphragm and first 
electrode layer, and between the piezoelectric thin films 
and first, second, and third electrode layers. Forming 
the piezoelectric film layer 25 with a PZT thin film makes 35 
it possible to form a thin film having a high electrome- 
chanical coupling factor, and a thin film piezoelectric 
transducer having a high voltage amplification factor 
can be realized. The material used in the piezoelectric 
film layer 25 may also be a PZT piezoelectric material, 40 
such as PZT including PMN, that has an even higher 
electromechanical coupling constant. 

Principle of an electrophoretic ink display element 

45 

[0029] An electrophoretic ink display element is 
explained next Figure 3 shows the constitution of an 
electrophoretic ink display element; 3A is a cross sec- 
tional view of an electrophoretic ink display element; 3B 
shows the constitution of a microcapsule in an electro- so 
phoretic ink display element; and 3C shows the consti- 
tution of a charged particle in a microcapsule. 
[0030] This electrophoretic ink display element 
comprises the following: a lower electrode 102 formed 
on a substrate 1 01 , an electrophoretic ink layer compris- 55 
ing a binder 104 having light transmission properties 
and a plurality of microcapsules 103 uniformly dis- 
persed and affixed in this binder 104, an opposite sub- 



strate 105. and a transparent electrode 106 formed on 
the opposite substrate. 

[0031] This electrophoretic ink display element is a 
display element wherein the writing and deleting of dis- 
play patterns can be accomplished using the electro- 
phoresis of charged particles. The thickness of the 
electrophoretic ink layer, meaning the distance between 
the lower electrode 102 and the transparent electrode 
106, is preferably about 1 .5 to 2 times the outer diame- 
ter of the microcapsules 103. Also, polyvinyl alcohol, for 
example, can be used as the binder 104. 
[0032] As shown in Figure 3B, the microcapsules 
103 include hollow, spherical capsules 107 having light 
transmitting properties. These capsules 107 are filled 
with liquid 108; a plurality of negatively charged parti- 
cles 109 are dispersed in this liquid 108. As shown in 
Figure 3C, the charged particles 109 comprise a 
nucleus 110 and a coating layer 111 covering this 
nucleus. 

[0033] The colors of the charged particles 109 and 
the liquid 108 are different from each other. For exam- 
ple, the color of the charged particles 109 is white and 
the color of the liquid 108 is blue, red, green, or black. 
When an external electric field is applied to the micro- 
capsules 103, the charged particles 109 move within 
the capsules 107 in a direction opposite to the above- 
mentioned electric field. For example, when a voltage is 
applied so that the transparent electrode 106 has a pos- 
itive potential and the lower electrode 102 has zero 
potential in Figure 3A, the electric field is generated 
from the transparent electrode 106 toward the lower 
electrode 102; as a result, the charged particles 109 in 
the microcapsules 103 move toward the tops of the cap- 
sules 107. Consequently, the color seen from the oppo- 
site substrate 105 becomes white, because the color of 
the charged particles 109 can be seen. Oppositely, 
when a voltage is applied so that the transparent elec- 
trode 106 has negative potential and the lower electrode 
102 has zero potential, the electric field is generated 
from the lower electrode 102 toward the transparent 
electrode 106; as a result, the charged particles 109 in 
the microcapsules 1 03 move towards the bottoms of the 
capsules. Consequently, the color seen from the oppo- 
site substrate 105 becomes the color of the liquid 108, 
blue for example if the color of the liquid 1 08 is blue. 
[0034] The microcapsules 103 are constituted so 
that the specific gravity of the liquid 108 is equal to that 
of the charged particles 109. Accordingly the charged 
particles 109 can remain for a long period of time in the 
same position even if the external electric field is 
removed. In other words, the display of the electro- 
phoretic ink display elements is maintained for a long 
period of time. Moreover, the thickness of the coating 
layer 111, for example, may be adjusted so that the spe- 
cific gravity of the liquid 108 is equal to that of the 
charged particles 109. The outer diameter of the micro- 
capsules 103 is preferably no more than 180 ^m, and 
more preferably 10 to 20 *mn. A rutile structure of titania, 
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for example, can be used as the nucleus 110 of the 
abovementioned charged particles 109. Also, polyethyl- 
ene, for example, can be used as the coating layer 1 1 1 
of the abovementioned charged particles 109. 
Anthraquinone dye dissolved in ethylene tetrachloride 5 
and isoparaff in, for example, can be used as the above- 
mentioned liquid 108. 

[0035] Embodiments of the electrophoretic ink dis- 
play element relating to the present invention is 
explained below with reference to the figures. 10 

First embodiment of the electrophoretic ink display 
apparatus 

[0036] Figure 4 shows the constitution of an electro- is 
phoretic ink display apparatus using thin film layered 
piezoelectric transducer, relating to an embodiment of 
the present invention. In this figure, 201 and 202 show 
gate lines; 203 and 204 show data lines; 205 through 
207 show thin film transistors (TFT); 208 through 210 20 
show thin film piezoelectric transducers; 211 through 

213 show electrophoretic ink display elements; 214 and 

215 show analog switches; 216 shows a data signal 
line; and 217 and 218 show the input terminals for the 
signal to control the opening and closing of analog 25 
switches 214 and 215, respectively. The analog 
switches 214 and 215 may be constituted with TFTs. 
[0037] Figure 5 is a timing chart of the electric sig- 
nals controlling the TFT and the opening and closing of 

an analog switch in the electrophoretic ink display appa- 30 
ratus in an embodiment of the present invention. In this 
figure, 301 and 302 show the electrical signals applied 
to the gate lines 201 and 202 respectively; and 303 and 
304 show the electrical signals applied to the input ter- 
minals 217 and 218 for the signals to open and close 3s 
the analog switches. The TFT and analog switches are 
conductive [closed] when these signals are HI. At time 
t 1( the potential of the gate line 201 becomes HI and the 
TFTs 205 and 206 are conductive [active]. At the same 
time, the potential of the input terminal 21 7 for the signal 40 
to open and close the analog switch 214 becomes Hi 
and that analog switch is conductive [closed]. Conse- 
quently, the data signal supplied by the data signal line 

21 6 is input to the thin film piezoelectric transducer 208 

via the analog switch 214 and the TFT 205. The voltage 45 
amplified data signal output therefrom is then supplied, 
to the electrode of the electrophoretic ink display ele- 
ment 211. At time t 2 . the potential of the input terminal 

217 for the signal to open and close the analog switch 

214 becomes LOW and that analog switch becomes so 
non-conductive [open]. At the same time, the potential 

of the input terminal 21 8 for the signal to open and close 
the analog switch 215 becomes HI and that analog 
switch is conductive [closed]. Consequently, the data 
signal supplied by the data signal line 216 is input to the ss 
thin film piezoelectric transducer 209 via the analog 
switch 215 and the TFT 206. The voltage amplified data 
signal output therefrom is then supplied to the electrode 



of the electrophoretic ink display element 212. At time 
t 3 . the potential of the input terminal 218 for the signal to 
open and close the analog switch 215 becomes LOW 
and that analog switch becomes non-conductive [open]. 
Although not shown in Figures 4 and 5, the operation 
discussed above is repeated in the gate line direction 
and then at time the potential of the gate line 201 
becomes LOW and the TFTs 205 and 206 become non- 
conductive [inactive]. At the same time, the potential of 
the gate line 202 becomes HI, the analog switch 207 
becomes conductive [closed], and data are written to 
the electrophoretic ink display element 213 in the period 
from time t 4 to time t 5 . 

[0038] With the abovementioned constitution, it 
becomes possible to drive the plurality of disposed elec- 
trophoretic ink display elements with a TFT while 
addressing and directly amplifying a data signal with the 
thin film piezoelectric transducers. 
[0039] The piezoelectric transducer relating to the 
present invention shown in Figure 1 can be used as the 
thin film piezoelectric transducer in the present embodi- 
ment. In that case, the electrophoretic ink display appa- 
ratus relating to the present invention can be provided 
all the operative effects of the piezoelectric transducer 
relating to the present invention. 
[0040] Figure 6 is a plane diagram of one pixel in an 
electrophoretic ink display apparatus relating to an 
embodiment of the present invention. A TFT comprising 
a channel portion of polycrystalline silicon film 401 , a 
gate electrode 201 , and a contact hole 402 is formed at 
the intersection of the gate line 201 and the data line 
203. The first electrode layer 403 in the thin film piezoe- 
lectric transducer 208 also serves as the loading elec- 
trode from the source-drain portion of the TFT. The 
second electrode layer 404 in the thin film piezoelectric 
transducer 208 is drawn parallel to the gate line 201 and 
is grounded. The third electrode layer 405 of the thin film 
piezoelectric transducer 208 becomes the pixel elec- 
trode of the electrophoretic ink display element without 
any further changes. When the size of the pixel elec- 
trode is 150 nm square, the region required for the thin 
film piezoelectric transducer 208 may be about 10 \im 
square and an electrophoretic ink display apparatus 
with a compact planar form is attained. 
[0041 ] Figure 7 is a cross sectional view of an elec- 
trophoretic ink display apparatus relating to an embodi- 
ment of the present invention. The TFT comprises a 
polycrystalline silicon layer 401 , gate insulating film 502, 
gate electrode 503, interlayer insulating film 504, and an 
electrode layer 403, which is a source-drain electrode 
and also serves as the first electrode layer of the thin 
film layered piezoelectric transducer, formed on an insu- 
lating substrate 501. The first piezoelectric film layer 
510, second electrode layer 404, second piezoelectric 
film layer 511. and third electrode layer 405 are then 
formed, constituting the thin film layered piezoelectric 
transducer. A protective layer 505 is then formed. Sepa- 
rately therefrom, a transparent electrode 507 is formed 
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on an opposite substrate 506; then a columnar structure 
508 is formed by metal plating, or the like. The columnar 
structure 508 is assembled so as to press the upper 
portion of the thin film layered piezoelectric transducer 
and filled with electrophoretic ink 509; an electro- 
phoretic ink display apparatus is formed thereby. The 
thin film layered piezoelectric transducer is constrained 
so as to be pressed on by the columnar structure 508 
and opposite substrate 506; direct voltage amplification 
can therefore be performed. The thin film layered piezo- 
electric transducer with the constitution in the present 
embodiment is allowed three-dimensional and planar 
miniaturization. A high load can be withdrawn because 
of the use of the capacitance of the piezoelectric thin 
film on the output side as well. Also, direct voltage 
amplification is possible because of the use of pressure 
to the piezoelectric thin film from the static piezoelectric 
effect. Actually, the inventors used lead-titanate-zirco- 
nate, with a composition of 52 mole% lead zirconate-48 
mole% lead titanate, for the piezoelectric film layers 51 0 
and 51 1 . provided the first piezoelectric film layer 510 a 
thickness of 200 nm and the second piezoelectric film 
layer 51 1 a thickness of 2 pm, and applied pulses with 
an amplitude of 10 V between the first electrode layer 
403 and second electrode layer 404; in that case, 
pulses with an amplitude of 45 V could be attained 
between the third electrode layer 405 and second elec- 
trode layer 404. It thereby becomes possible to drive the 
electrophoretic ink display elements. 
[0042] The material used in the piezoelectric film 
layers 510 and 511 may also be a PZT piezoelectric 
material, such as PZT including lead magnesium nio- 
bate (PMN), having a higher electromechanical cou- 
pling factor. A thin film piezoelectric transducer may also 
be constituted using a material generating high stress 
for the first piezoelectric film layer 103, and a material 
generating high voltage with respect to the applied pres- 
sure for the second piezoelectric film layer 105. 
[0043] The adhesive force of the first, second, and 
third electrode layers with the piezoelectric thin films 
can be improved by forming the first electrode layer 24, 
second electrode layer 26, and third electrode layer 27 
of a multilayered structure of platinum and titanium. 

Second embodiment of the electrophoretic ink display 
apparatus 

[0044] Figure 8 is a plane diagram of one pixel in an 
electrophoretic ink display apparatus using Rosen thin 
film piezoelectric transducers and relating to an embod- 
iment of the present invention. A TFT comprising a 
channel portion of polycrystalline silicon thin film 401 , 
gate electrode 201, and contact hole 402 is formed at 
the intersection of the gate line 201 and data line 203. 
601 is a piezoelectric film layer; therebelow is a cavity to 
allow vibration. A common electrode layer 404 in the 
thin film piezoelectric transducer is drawn parallel to the 
gate line 201 and is grounded. 405 is a pixel electrode 



of the electrophoretic ink display element 
[0045] The piezoelectric transducer shown in Fig- 
ure 2 can be used as the Rosen thin film piezoelectric 
transducer in the present embodiment. In that case, the 
5 electrophoretic ink display apparatus relating to the 
present invention can be provided all the operative 
effects of the piezoelectric transducer relating to the 
present invention. 

[0046] Figure 9 is a cross sectional view of an elec- 

10 trophoretic ink display apparatus using Rosen thin film 
piezoelectric transducers and relating to an embodi- 
ment of the present invention. A TFT is constituted of a 
polycrystalline silicon layer 401 , gate insulating film 502, 
gate electrode 503. interlayer insulating film 504, and an 

15 electrode layer 701 which is a source-drain electrode 
and also serves as the lower electrode of the electro- 
phoretic ink display element, formed on an insulating 
substrate 501 . A bump layer 702 is then formed with 
metal plating. 703 is an input electrode of a Rosen thin 

20 film piezoelectric transducer; 704 is an output electrode 
of a Rosen thin film piezoelectric transducer; 705 is a 
piezoelectric film layer; and 404 is a common electrode 
of a Rosen thin film piezoelectric transducer. The adhe- 
sive force between the electrodes and the piezoelectric 

25 film layers can be improved by forming the electrodes 
703, 704, and 404 of a multilayered structure of plati- 
num and titanium. A thin film with a high electromechan- 
ical coupling factor can be formed by forming the 
piezoelectric film layer 705 with a PZT thin film. In this 

30 . setup, alternating voltage is applied between the input 
electrode 703 and the common electrode 404, the pie- 
zoelectric film layer 705 vibrates, and alternating volt- 
age amplified between the output electrode 704 and 
common electrode 404 is output. Such a structure can 

35 be formed by forming a piezoelectric film layer 705, 
electrodes 703, 704, 404, and so forth on a separate 
substrate in advance, connecting a bump layer 702 and 
electrode layers 703 and 704, then peeling away the 
separate substrate. Furthermore, an electrophoretic ink 

40 display apparatus is formed by forming a protective 
layer 505, forming separately therefrom a transparent 
electrode 507 on the opposite substrate 506, assem- 
bling them and injecting electrophoretic ink 509 there- 
into. 

45 [0047] Because a cavity is formed below the piezo- 
electric film layer 705, the piezoelectric film layer can 
vibrate and consequently, it can operate as a Rosen thin 
film piezoelectric transducer and supply a voltage 
amplified alternating signal to the lower electrode 701 of 

so the electrophoretic ink display element. Even if the sig- 
nal supplied to the electrode 701 is alternating, the 
potential of the electrode 701 can be kept constant by 
turning off the thin film transistor at the appropriate posi- 
tion in the amplitude thereof. As a result, it becomes 

55 possible to drive the electrophoretic ink display element. 
Also, even if the electrical signal input to the Rosen thin 
film piezoelectric transducer has a short waveform, [the 
signal] can be voltage amplified because the piezoelec- 
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to span the end surface and upper layer surface of 
said piezoelectric film layer. 

7. The thin film piezoelectric transducer, according to 
s Claim 5, wherein the supporting base wherein said 

cavity is formed is a single crystal silicon substrate. 

8. The thin film piezoelectric transducer, according to 
Claim 5, comprising a diaphragm formed of a zirco- 

10 nia thin film between said supporting base and said 
first electrode layer. 

9. The thin film piezoelectric transducer, according to 
Claim 5, wherein said first, second, and third elec- 
ts trode layers are formed of a multilayered structure 

of platinum and titanium. 



trie transducer is deformed by the characteristic vibra- 
tion thereof. 

[0048] As discussed above, the piezoelectric trans- 
ducer relating to the present invention has two piezoe- 
lectric film layers constrained so as not to expand or 
contract in a thicknes direction. Miniaturization is there- 
fore easy and direct voltage amplification is possible. 
[0049] Also, the Rosen piezoelectric transducer 
using the piezoelectric thin film relating to the present 
invention is formed using a piezoelectric thin film on a 
supporting base wherein a cavity is formed. Miniaturiza- 
tion is therefore easy and [the piezoelectric transducer] 
also has a high voltage amplification factor. 
[0050] Also, the electrophoretic ink display element 
relating to the present invention can be driven by a min- 
iaturized thin film piezoelectric transducer while being 
addressed with a thin film transistor. An electrophoretic 
ink display apparatus having a plurality of electro- 
phoretic ink display elements disposed at a high density 
is therefore realized. 

Claims 

1. A thin film piezoelectric transducer comprising a 
first electrode layer, a first piezoelectric film layer, a 
second electrode layer, a second piezoelectric film 
layer, and a third electrode layer formed in that 
order on a substrate, wherein said first and second 
piezoelectric film layers are constrained so as not to 
expand or contract in a thickness direction. 

2. The thin film piezoelectric transducer, according to 
Claim 1, wherein said first, second, and third elec- 
trode layers are formed of a multilayered structure 
of platinum and titanium. 

3. The thin film piezoelectric transducer, according to 
Claim 1 , wherein said first and second piezoelectric 
film layers are formed of a lead-titanate-zirconate 
piezoelectric material. 

4. The thin film piezoelectric transducer, according to 
Claim 1 , wherein an arbitrary voltage waveform is 
input to said first piezoelectric film layer and said 
arbitrary voltage waveform which has been ampli- 
fied is output to said second piezoelectric film layer. 

5. A thin film piezoelectric transducer wherein a first 
electrode layer, piezoelectric film layer, second 
electrode layer, and third electrode layer are formed 
on a supporting base wherein a cavity is formed; 
and said second electrode layer and third electrode 
layer are formed in a pair with a space therebe- 
tween on the piezoelectric film layer located above 
said cavity. 

6. The thin film piezoelectric transducer, according to 
Claim 5, wherein said third electrode layer is formed 



10. The thin film piezoelectric transducer, according to 
Claim 5, wherein said piezoelectric film layer is 
20 formed of a lead-titanate-zirconate piezoelectric 
material. 

11.. The thin film piezoelectric transducer, according to 
Claim 5, wherein an arbitrary voltage waveform is 

25 applied between said first electrode layer and said 
second electrode layer, and said arbitrary voltage 
waveform which has been amplified is output to 
between said first electrode layer and said third 
electrode layer. 

30 • - - 

12. An electrophoretic ink display apparatus compris- 
ing a plurality of electrophoretic ink display ele- 
ments that comprise a plurality of capsules and 
wherein the color changes due to the movement of 

35 charged particles within the capsules; the electro- 
phoretic ink display apparatus further comprising: 

a plurality of gate lines, a plurality of data lines 
intersecting with the gate lines, and thin film 

40 transistors disposed at the intersections of said 

gate lines and data lines; 
wherein one source-drain of said thin film tran- 
sistor is connected to said data line; 
another source-drain of said thin film transistor 

45 is connected to the input side of said piezoelec- 

tric transducer; and 

the output side of said piezoelectric transducer 
is connected to the electrode of the electro- 
phoretic ink display element. 

50 

13. The electrophoretic ink display apparatus, accord- 
ing to Claim 12, wherein said piezoelectric trans- 
ducer is connected vibrateably with the upper 
portion of said thin film transistor. 

55 

14. The electrophoretic ink display apparatus, accord- 
ing to Claim 12, wherein said piezoelectric trans- 
ducer comprises a first electrode layer, a first 
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piezoelectric film layer, a second electrode layer, a 
second piezoelectric film layer, and a third elec- 
trode layer, layered in that order on an insulating 
substrate; and 

wherein said first and second piezoelectric film lay- 5 
ers are constrained so as not to expand or contract 
in a thickness direction. 

15/ The electrophoretic ink display apparatus, accord- 
ing to Claim 14, wherein said first and second pie- 10 
zoelectric film layers are constrained so as not to 
expand or contract in a thickness direction by 
establishing a columnar structure on the upper por- 
tion of said piezoelectric transducer and pressing 
said columnar structure with an opposite substrate, 15 
whereon the upper electrode of said electrophoretic 
ink display element is established. 

16. The electrophoretic ink display apparatus, accord- 
ing to Claim 14, wherein said third electrode layer 20 
also functions as the lower electrode of said elec- 
trophoretic ink display element 

17. The electrophoretic ink display apparatus, accord- 
ing to Claim 1 4, wherein said first, second, and third 25 
electrode layers are formed of a multilayered struc- 
ture of platinum and titanium. 

18. The electrophoretic ink display apparatus , accord- 
ing to Claim 14, wherein said first and second pie- 30 
zoelectric film layers are formed of a lead-titanate- 
zirconate piezoelectric material. 

19. The electrophoretic ink display apparatus, accord- 
ing to Claim 14, wherein an arbitrary voltage wave- 35 
form is input to said first piezoelectric film layer, and 
said arbitrary voltage waveform which has been 
amplified is output to said second piezoelectric film 
layer. 

40 

20. The electrophoretic ink display apparatus, accord- 
ing to Claim 12, wherein said piezoelectric trans- 
ducer comprises a first electrode layer, 
piezoelectric film layer, second electrode layer, and 
third electrode layer formed on a supporting base 45 
wherein a cavity is formed; and said second elec- 
trode layer and third electrode layer are formed in a 
pair with a space therebetween on the piezoelectric 
film layer located above said cavity. 

50 

21. The electrophoretic ink display apparatus, accord- 
ing to Claim 20, wherein said third electrode layer is 
formed to span the end surface and upper layer sur- 
face of said piezoelectric film layer. 

55 

22. The electrophoretic ink display apparatus, accord- 
ing to Claim 20, wherein the supporting base 
wherein said cavity is formed is a single crystal sili- 



con substrate. 

23. The electrophoretic ink display apparatus, accord- 
ing to Claim 20, wherein said first, second, and third 
electrode layers are formed of a multilayered struc- 
ture of platinum and titanium. 

24. The electrophoretic ink display apparatus, accord- 
ing to Claim 20, wherein said first and second pie- 
zoelectric film layers are formed of a lead-titanate- 
zirconate piezoelectric material. 

25. The electrophoretic ink display apparatus, accord- 
ing to Claim 20, wherein an arbitrary voltage wave- 
form is applied between said first electrode layer 
and said second electrode layer, and said arbitrary 
voltage waveform which has been amplified is out- 
put between said second electrode layer and said 
third electrode layer. 
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